The anthropogenic climate change impacts on the eddy-jet system include an intensified midlatitude jet stream and an elevated tropopause, as well as a poleward-shifted jet. While both responses are evident in phase 3 of the Coupled Model Intercomparison Project (CMIP3) ensemble mean twenty-first-century projections, uncertainty in the poleward shift response is large enough that even the sign of the shift is not consistent among all models, especially in the Northern Hemisphere. The present analysis finds that twentyfirst-century projections of the ensemble mean zonal wind change at 300 hPa predict a weakening and poleward expansion of the Pacific jet and an overall expansion of the Atlantic jet. In contrast with the direct zonal mean climate change signal of increasing midlatitude upper-level winds, zonal winds are projected to decrease in the core of the Pacific and Atlantic jets, with increasing zonal winds located primarily in the jet exit regions and the meridional flanks of the jets. Uncertainties in SST changes from the twentieth century to the twenty-first century between models are shown to impact modeled Northern Hemisphere jet stream changes. In particular, El Niñ o-Southern Oscillation-like mean winter SST changes explain 30% of intermodel variance of midlatitude zonal wind compared to the 8% explained by the domain-averaged warming SST signal. This suggests that a reduction of uncertainty in the tropical Pacific SST response to global warming will significantly reduce uncertainty in the Northern Hemisphere zonal wind response to climate change.
Background
Understanding how jet streams will change in the future is of primary importance in the assessment of anthropogenic climate change impacts. Jet stream position and intensity affect regional climates across the midlatitudes, perhaps predominantly through links to the midlatitude storm tracks. Dynamical theory and climate model projections suggest that the jet stream will become more intense and shift poleward under global warming. The present study examines changes in the Northern Hemisphere (NH) jet streams in a suite of global climate models to determine the robustness of these changes among models.
Increased atmospheric carbon dioxide concentrations cause the troposphere to warm and the stratosphere to cool. The troposphere warms because of increased absorption and reemission of longwave radiation due to the greenhouse effect. The stratosphere cools as increased longwave emission to space outweighs warming caused by the absorption of shortwave radiation by stratospheric ozone. The combined effect of tropospheric warming and stratospheric cooling decreases the static stability in the vicinity of the tropopause (as well as in the entire atmospheric column) and raises the height of the tropopause (Held 1993; Lorenz and DeWeaver 2007) .
Also, despite the well-known surface polar amplification of the global warming temperature increase (Manabe and Stouffer 1980; Serreze et al. 2009 ), the atmospheric column is warming more in the tropics than the poles (i.e., as measured by thickness increases), enhancing the poleequator temperature gradient in the midlatitudes. This is because air parcels in the tropics are constrained by radiative-convective equilibrium to follow a moist adiabatic lapse rate, leading to enhanced heating in the upper-tropospheric tropics compared to the midlatitudes because of latent heat release (Held 1993) .
Both the downward slope of the tropopause from the equator to the poles and the thermal wind relationship dictate that a raised tropopause and enhanced poleequator temperature gradient cause an intensification of the midlatitude jet streams. Therefore, the direct effects of anthropogenic climate change include higher and more intense jet streams (Kushner et al. 2001; Lorenz and DeWeaver 2007) . In addition to the direct effects of climate change, a poleward shift of the jet streams has been simulated by climate models (Yin 2005; Johanson and Fu 2009; Lu et al. 2007; Wu et al. 2010; Lorenz and DeWeaver 2007; Kushner et al. 2001 ) and predicted statistically and dynamically.
The fluctuation-dissipation theorem (FDT), first applied to climate science by Leith (1975) , relates a system's forced response to that same system's unforced internal modes of variability, assuming that climate perturbations are small enough for linear dynamics to hold (Ring and Plumb 2008) . On the basis of FDT, it has been hypothesized that the jet streams will shift meridionally under anthropogenic climate change as the forced climate change signal manifests as the amplification of the northern and southern annular modes (NAM/SAM), which are the dominant modes of hemispheric variability on a monthly time scale (Ring and Plumb 2008; Gerber et al. 2008a) . Studies have found that the time scale of the NAM/SAM is too long in GCM simulations (Gerber et al. 2008a) , causing the modeled extratropical jet to be too sensitive to global warming perturbations (Gerber et al. 2008b) .
In observations, the NAM and SAM have trended positive over the latter half of the twentieth century, indicating a poleward shift of the polar jet in both hemispheres (Thompson et al. 2000; Marshall 2003) . However, the magnitude of this trend is currently in question because the annular mode has become significantly less positive since 2000 (Overland and Wang 2005) . Also, a recent study suggests that using the sea level NAM/ SAM, as is common practice, is ineffectual to describe jet shifts because it does not take into account the baroclinic structure of the anthropogenic climate change signal (Woollings 2008) .
A future poleward shift of the midlatitude jet streams has also been explained dynamically by considering the interactions between changes in the zonal mean jet and the midlatitude eddies. One implication of the increased jet wind speeds due to the direct effects of climate change is the increase of midlatitude eddy phase speeds. The faster the eddy phase speed, the less the waves deviate from the jet core throughout their life cycle, causing the critical latitude to move poleward.
1 This shifts the associated eddy momentum fluxes produced during wave breaking poleward, resulting in a poleward shift of tropospheric winds on the equatorward flank of the jet (Chen and Held 2007; Chen et al. 2007; Lu et al. 2008) .
Another dynamical mechanism suggested to be responsible for the poleward shift of the jets is the projected increase in the spatial scale of midlatitude eddies due to the decrease in overall static stability under global warming, as confirmed by GCM projections (Kidston et al. 2010 ). According to eddy dynamics, this increased spatial scale will cause a decrease in eddy phase speed with respect to mean tropospheric winds in the eddy source region at the jet core. Because slower eddies can travel farther before wave breaking occurs, these larger eddies will be more likely to propagate from the eddy source region before dissipating, increasing net wave propagation out of the source region (Kidston et al. 2011) . Kidston et al. (2011) argue that this causes less eddy dissipation/wave breaking on the poleward side of the jet, making it more of a source region on average and suggesting a poleward expansion of the jet. Although it is possible that this mechanism will cause the entire jet to shift poleward, it is also possible that it will result in a broader jet (Kidston et al. 2011) .
A simpler mechanism proposes that because the tropical atmosphere is constrained to be moist adiabatic, tropospheric dry static stability will increase more on the equatorward flank of the jet than on the poleward flank, reducing baroclinicity on the equatorward flank of the jet. A decrease of baroclinicity decreases the number of waves generated in that region, decreasing the westerly forcing on the equatorward flank of the jet (Lu et al. 2010 ).
However, as described in the first part of this study (Delcambre et al. 2013) , the portrayal of jet stream winds in the World Climate Research Programme's (WCRP) Coupled Model Intercomparison Project phase 3 (CMIP3) multimodel dataset (Meehl et al. 2007 ) still lacks consensus with regard to modeled twentiethcentury jet stream structure, especially in the Northern Hemisphere (Lorenz and DeWeaver 2007; Kushner et al. 2001; Kidston and Gerber 2010; Woollings and Blackburn 2012; Yaocun and Daqing 2011; Ihara and Kushnir 2009) . The previous study focused on determining the reliability and robustness of nonzonally averaged NH jet stream portrayal in 17 GCMs from the CMIP3 dataset (Delcambre et al. 2013) . That analysis finds significant biases in the upper-level wintertime zonal wind compared to the observed variability of upper-level winds. These wind biases are strongly related to El Niñ oSouthern Oscillation (ENSO)-like wintertime tropical Pacific SST biases that explain 21% of the total NH intermodel variance of the midlatitude jet stream.
As a complement to the twentieth-century analysis, the present study examines modeled NH jet streams to discover what underlies the significant intermodel variability among twenty-first-century projections. The present paper is organized as follows. Section 2 outlines the GCM data used in this study. Results of a detailed analysis of twenty-first-century jet streams in GCM simulations are presented in section 3. These results include an examination of intermodel variations related to both internal modes of variability and tropical SSTs. Conclusions are found in section 4.
Data and methods
The present study investigates twenty-first-century NH jet stream structure in 17 GCMs from the WCRP's CMIP3 multimodel dataset (Meehl et al. 2007) . Table 1 lists the models included in this study. These particular models are chosen because they provide the daily resolved data required for this study.
The twentieth-century GCM data are produced by the climate of the twentieth-century experiment, and the twenty-first-century data employ the A1B scenario from the Intergovernmental Panel on Climate Change's Special Report on Emissions Scenarios (Nakicenovic 2000) . The A1B scenario models the twenty-first century as a time of rapid economic growth and the rapid introduction of new energy technologies that are balanced between fossil fuel and nonfossil fuel sources. Population peaks midcentury in the A1B scenario, making it one of the midrange scenarios used in the CMIP3 model experiments.
Analysis is performed on daily 300-and 700-hPa zonal wind and monthly sea surface temperature (SST) for the change from the twentieth to the twenty-first century. Daily zonal wind data are smoothed using a 5-day running mean for the period encompassing 1 November- To create the mean winter zonal wind (SST) for the twentieth and twenty-first centuries, the smoothed (monthly) data were averaged over November-March (NDJFM) and over all 20 years of each data period. The seasonal cycle of zonal wind is created by averaging each pentad over all 20 boreal winter seasons. Smoothed daily wind data (with the seasonal cycle removed) are used to perform empirical orthogonal function (EOF)/principal component (PC) analysis.
Results and discussion
a. 300-hPa zonal wind change from the twentieth to the twenty-first century
To understand why GCMs do not project a consistent representation of twenty-first-century NH jet stream structure, the ensemble mean and standard deviation of the change in zonal wind from the twentieth century to the twenty-first century (1980-99 to 2081-2100 , from here on referred to as the ''change in zonal wind'') are inspected and then examined in the context of internal and external system forcings.
Although the present study does not focus on a zonal mean perspective of wind speed changes in GCM projections, sectorial zonal means of the Pacific (1008-3008E) and Atlantic (2408-3608E) regions are shown in Fig. 1 to connect the present study with the larger background of work on this topic. Figures 1a and 1b show the mean model twentieth-century winter (NDJFM, 1980-99) Pacific and Atlantic zonal mean jets. Zonal mean winds are maximized in the upper troposphere and are stronger in the Pacific than in the Atlantic. The mean winter westerlies penetrate into the lower troposphere in both regions. Figures 1c and 1d show the ensemble mean change of the winter zonal mean zonal wind. The two regions show Russell et al. (1995) and Lucarini and Russell (2002) 16 4934 similar structures of change that are characterized by an intensification of upper-level wind speeds and a northward (poleward) shift of the low-level winds associated with the jet stream. This increase in upper winds is consistent with the theorized direct response to anthropogenic climate change described in section 1. The standard deviation of the change of the winter zonal mean wind from the ensemble mean (Figs. 1e,f) is relatively small at upper levels and large at lower levels compared to the ensemble mean change (Figs. 1c, d) . This suggests that the upper-level jet intensification in the region of maximum winds is much more robust than the low-level poleward shift of the jet among models. Because the maximum wind speeds are found in the upper levels of the troposphere, the present study will further analyze the modeled 300-hPa zonal winds in order to determine what underlies intermodel discrepancies in twenty-firstcentury projections. The nonzonally averaged ensemble mean change in the winter 300-hPa zonal wind is shown in Fig. 2a . The twentieth-century ensemble mean zonal wind at 300-hPa is superimposed in gray. The twentieth-century climatology shows that the wintertime zonal wind is maximized in the Pacific and Atlantic basins, with the Pacific jet extending from East Asia across the Pacific basin and the Atlantic jet extending from the central continental United States toward the west coast of Europe, tilting northeastward across the Atlantic basin.
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In the Pacific region, the ensemble mean change in zonal wind is largest on the poleward flank of the Pacific jet ( Fig. 2a) and accompanied by a region of decreasing zonal winds in the vicinity of the jet entrance region. This asymmetric pattern looks different than the theorized poleward shift of the jet because the decrease in zonal wind is collocated with the jet axis, suggesting a poleward expansion and slight weakening of the Pacific jet in the ensemble mean. Wind speeds also increase over the eastern subtropical Pacific. In the Atlantic region, zonal winds are projected to increase poleward, equatorward, and downstream of the jet core, suggesting an overall expansion of the Atlantic jet in the ensemble mean (Fig. 2a) (Woollings et al. 2012) .
It is interesting to note that in contrast to the direct climate change signal of increasing midlatitude upperlevel winds (i.e., Fig. 1 ), the 300-hPa ensemble mean zonal winds are projected to decrease in the core of both the Pacific and Atlantic jets. This decrease in ensemble mean zonal wind is possibly related to the thermally forced weakening of the subtropical winds near 308-358N proposed by Chen et al. (2013) . Increasing 300-hPa ensemble mean zonal winds are located primarily in the jet exit regions as well as on the meridional flanks of the jets. This is one instance in which a nonzonally averaged perspective supplements the analysis substantially.
The ensemble mean is somewhat misleading in the 17 GCMs under consideration with regard to the changes in jet stream structure in the twenty-first century. The standard deviation of the model change in zonal wind (Fig. 2b) shows that in many areas of the globe, the magnitude of the model standard deviation of wind speed change is the same or larger than the ensemble mean itself, indicating that models do not hold a unified view of the future. In particular, the standard deviation is large in the vicinity of the Pacific and Atlantic jet exit regions.
Internal jet variability is also maximized in the jet exit region (Delcambre et al. 2013) , suggesting a link between model differences in changes in zonal wind and the internal modes of jet variability. Previous studies have also suggested this link; it has been hypothesized that anthropogenic climate change may project onto the natural internal modes of variability (Ring and Plumb 2008; Gerber et al. 2008a) . A normalized projection of each model's change in zonal wind at 300 and 700 hPa onto the first and second EOFs of the twentieth-century zonal wind at the same level and in the same model is used to quantify the relationship between wind speed changes and internal variability. This analysis is done separately for the Pacific (1008E-1208W) and Atlantic (1208W-208E) regions, shown for 300 hPa in Figs. 3a and 3b and for 700 hPa in Figs. 3c and 3d. The position of each point with respect to the x axis (y axis) shows the value of each model's projection onto EOF 1 (EOF 2). The companion paper (Delcambre et al. 2013) shows that modeled EOFs 1 and 2 are accurate in nearly all GCMs included in this study. In both the Pacific (Figs. 3a,c ) and the Atlantic (Figs. 3b,d ), at 300 and 700 hPa, the values of the normalized projection are spread more along the x axis than the y axis, indicating that EOF 1 explains more variation in wind speed change among models than EOF 2. Unlike previous hypotheses suggest, however, there is no consistent projection of the change in wind onto either sign of the internal modes of variability at either level. This analysis technique also makes it possible to quantify the relationship between the modeled change in winds and the predicted poleward shift of the jet, which can be described mathematically as 2du/dy for small shifts (Kushner et al. 2001) . Although the results are not shown, the secondary (primary) mode of variability of the Pacific (Atlantic) jet is qualitatively similar to a poleward shift of the jet (Delcambre et al. 2013) ; therefore, the y axis (x axis) of Figs. 3a and 3c (Figs. 3b,d ) can be replaced with 2du/dy to see if a poleward shift is a better predictor of zonal wind changes than EOFs 1 and 2. This analysis also shows a lack of consistent projection of the change in wind onto 2du/dy for each basin (not shown). variations explain much of the intermodel jet bias in twentieth century (Delcambre et al. 2013) , it seems possible that tropical Pacific SST changes influence modeled wind speed changes more than the internal modes of atmospheric variability. Maximum covariance analysis (MCA) is used to investigate this relationship.
MCA is used here to assess the dominant patterns of covariability between tropical SSTs and the change in zonal wind from the twentieth to the twenty-first century across the same 17 GCMs. This technique identifies pairs of patterns that maximize the squared covariance between two variables: in this case, the midlatitude 300-hPa zonal wind speed change (108-808N, 1008E-208W) and the tropical Pacific SST change (308S-308N, 1208-2908E ). The covariance is identified across a given sampling dimension. Typically sampling is performed across time, but in this case sampling is done across the 17 GCMs to identify structures linked to model discrepancies. Further explanation of MCA may be found in Bretherton et al. (1992) , Wallace et al. (1992) , Deser and Timlin (1997) , and Delcambre et al. (2013) . It is important to note that because this MCA analysis samples across model space instead of across time, ENSO-like SST change patterns that are identified are not equivalent to interannual variability in any model. Instead, these ENSO-like patterns of SST change show the change in the winter mean state of the tropical Pacific from the twentieth century to the twenty-first century that is associated with a given mode of intermodel covariability.
MCA is performed three times for the 300-hPa zonal wind change, with the results shown in Figs. 4, 5, and 7. Table 2 includes the details of each case and the results of pertinent significance tests, which show that the first mode of covariability is robust in each case.
The patterns of covariability produced by MCA are depicted via regressing SST change (homogeneous pattern; Figs. 4b, 5b, and 7b) and zonal wind (UWND) change (heterogeneous pattern; Figs. 4a, 5a, and 7a) onto the SST expansion coefficient. Regression onto the zonal wind expansion coefficient yields similar structures. Here we focus on the SST expansion coefficient as a potential predictor of zonal wind change, although we do not test for causality in this study. A scatterplot of the SST and zonal wind expansion coefficients is depicted in Figs. 4c, 5c, and 7c and demonstrates their strong correlation in each case.
1) MCA_FULL: 300-HPA ZONAL WIND CHANGE AND TROPICAL PACIFIC SST CHANGE
The first pattern of covariability between tropical Pacific SST change and 300-hPa zonal wind change is shown in Fig. 4 , with the heterogeneous wind change pattern shown in Fig. 4a and the homogeneous SST change pattern shown in Fig. 4b . Model 2 [MIROC3.2 (hires)] has been removed from the analysis for MCA_ Full because its SST warming from the twentieth century to the twenty-first century is much larger than all other models and significantly changes the first mode of covariability. Model 2 is an outlier for this case only and therefore is included in all other analyses.
The homogeneous SST change field (Fig. 4b) shows warming SSTs throughout the entire tropical Pacific basin. Enhanced warming in the eastern equatorial Pacific is reminiscent of the positive phase of ENSO and spatially correlated with ENSO variability in the observed record (Fig. 6b, observed ENSO) at r 5 0.47 and the ensemble mean SST change (not shown) at r 5 0.88. The heterogeneous wind change pattern (Fig. 4a) shows a structure of change that is similar to the ensemble mean wind speed change shown in Fig. 2a , including a poleward expansion and weakening of the Pacific jet and a meridional expansion of the Atlantic jet. The heterogeneous wind change pattern exhibits a high spatial correlation with the ensemble mean wind speed change (r 5 0.70), but less so with the standard deviation of wind speed change (r 5 0.52). The absolute value of the heterogeneous wind change pattern is used in the spatial correlation with the standard deviation of zonal wind change because of the absolute magnitude of variance that is used to calculate the standard deviation. To gain further insight into the intermodel variation of the change in winds, modeled ENSO-like tropical Pacific mean state changes are separated from the warming SSTs and MCA is repeated.
2) MCA_NOGW: 300-HPA ZONAL WIND CHANGE AND TROPICAL PACIFIC SST CHANGE (MEAN SST CHANGE REMOVED)
To remove the global warming signal from the tropical Pacific SSTs, the domain-averaged SST change is removed from the raw SST change field in each model prior to performing MCA_noGW (where noGW indicates that the global warming signal has been removed from the raw SST change data). The resulting pattern of covariability, shown in Fig. 5 , represents the pattern of zonal wind change that is not associated with domainaveraged warming SSTs. In this case, the homogeneous SST change pattern (Fig. 5b ) strongly resembles a positive ENSO pattern and is highly correlated with the observed mean winter ENSO SST pattern, shown in Fig. 6b (r 5 0. 77). Figure 6 shows the regression of the reanalysis winter average (NDJFM, annually resolved) zonal wind and winter average SST fields onto the reanalysis wintertime cold tongue index (CTI), 2 representing the observed patterns of winter average SST and upper-level zonal wind associated with a positive ENSO event. This homogeneous SST change pattern also strongly resembles the homogeneous SST bias pattern identified in the first part this study (Fig. 8b from Delcambre et al. 2013) , suggesting that this ENSO-like SST pattern is strongly linked with both midlatitude wind biases and changes from the twentieth to the twenty-first century.
The heterogeneous wind change pattern (Fig. 5a ) less strongly resembles the ensemble mean zonal wind change (r 5 0.42) and is characterized by increased wind speeds in the Pacific jet exit region. It also strongly resembles the heterogeneous wind bias pattern from the first part of this study (Fig. 8a from Delcambre et al. 2013) . A southward shift of the Atlantic jet near the jet entrance and exit regions is also present. The heterogeneous wind pattern has many similarities to the ENSO midlatitude wind teleconnection pattern from the reanalysis, particularly near the Atlantic jet entrance region (Fig. 6a) , but the two patterns are not strongly spatially correlated (r 5 0.45).
The (absolute value of the) heterogeneous wind change pattern is more highly spatially correlated with the model standard deviation of zonal wind change than in MCA_Full, with r 5 0.78, suggesting that changes in model SSTs similar to ENSO-like structures of tropical Pacific SST change are partially responsible for intermodel variations in the portrayal of midlatitude zonal wind change. The dominant mode of intermodel variability of the 300-hPa zonal wind (i.e., EOF 1, not shown) is spatially correlated with the heterogeneous wind pattern of MCA_noGW at r 5 0.75, further implying that a connection exists between the modeled sign of ENSO changes and midlatitude zonal wind changes. Next, the ENSO-like change signal in the mean winter tropical SSTs is removed from the SST field in order to examine the effects of warming SSTs on midlatitude zonal wind speed changes in the models. The MCA_ noGW heterogeneous zonal wind change pattern is removed from each model's raw wind field, weighted by the standardized wind expansion coefficient for each model. MCA_noGW is used to represent the mean winter ENSOlike SST change pattern because it is highly spatially Fig. 7 . The homogeneous SST change pattern (Fig. 7b) shows warming everywhere in the tropical Pacific and is not spatially correlated with the observed ENSO pattern (r 5 0.05, not shown). It is spatially correlated with the ensemble mean SST change at r 5 0.56. The heterogeneous zonal wind change pattern (Fig. 7a) resembles the heterogeneous wind change field of MCA_Full and is correlated with the ensemble mean zonal wind change at r 5 0.70 and the absolute value of the model standard deviation at r 5 0.59. The heterogeneous zonal wind change pattern (Fig. 7a) shows a northward expansion and weakening of the Pacific jet and a less pronounced northward expansion and weakening of the Atlantic jet. It also shows increased winds in the eastern Pacific, consistent with the ensemble mean change shown in Fig. 2a . Therefore, the relative warming of mean winter SSTs in each model is related to the northward expansion and weakening of the modeled NH jets.
To clarify and emphasize the results from the three prior analyses, Fig. 8 summarizes the main findings from MCA of the upper-level zonal wind and SST changes across models. A summary of the spatial correlation between the panels of Fig. 8 is found in Table 3 . Figure  8b shows the heterogeneous zonal wind change field of the mean winter SST change with the ENSO-like change signal removed (MCA_noENSO; Fig. 7a ). This wind field is spatially correlated with the ensemble mean zonal wind change (Fig. 8a) at r 5 0.70, signifying that the zonal wind change related to global warming SSTs strongly resembles the ensemble mean zonal wind change. This warming zonal wind change (Fig. 8b ) is spatially correlated with 2du/dy (Fig. 8c, a poleward shift of the jet) at r 5 0.30, while the ensemble mean zonal wind change is spatially correlated with 2du/dy at r 5 0.17. Therefore, removing the ENSO-like change signal of MCA_noGW presents a signal that more strongly resembles a poleward shift of the jet, even if it still is not highly correlated with a poleward shift pattern. Figure 8e shows the heterogeneous zonal wind change pattern of the mean winter SST change with the domainaveraged SST change removed (MCA_noGW; Fig. 5a ). As mentioned above, the absolute value of this pattern is spatially correlated with the model standard deviation (Fig. 2b) at r 5 0.78, indicating that the ENSO-like change signal is strongly related to intermodel variations in jet stream portrayal. In addition, the fact that the ensemble mean SST change (not shown) shows enhanced warming in the eastern equatorial Pacific, reminiscent of an El Niñ o event, most likely contributes to changes in midlatitude winds. The combination of these analyses suggests that the mean winter ENSO-like change signal of SST variations across models as well as the ensemble mean positive ENSO signal may be masking the poleward shift of the jet in the ensemble mean. This point will be discussed further in section 4.
4) A COMPARISON AT 700 HPA
MCA is repeated for the tropical Pacific SST change and 700-hPa zonal wind change. Figure 9 summarizes the results of a parallel three-part analysis at 700 hPa (details in Tables 2, 3) . Overall, the results of MCA using the 700-hPa change in zonal wind are very similar to the analysis at 300 hPa. Figure 9b shows the heterogeneous zonal wind field of the mean winter SST change with the ENSO-like signal removed (MCA_noENSO_700). The heterogeneous zonal wind change pattern is correlated with the ensemble mean zonal wind change (Fig. 9a) at r 5 0.78. In this case the zonal wind change related to warming SSTs resembles the ensemble mean zonal wind change even more strongly than at 300 hPa. This warming zonal wind change is correlated with 2du/dy (Fig. 9c , a poleward shift of the jet) at r 5 0.28, while the ensemble mean zonal wind change is correlated with 2du/dy at r 5 0.48. Figure 9e shows the heterogeneous zonal wind change pattern of the mean winter SST change with the domainaveraged SST change removed (MCA_noGW_700). The absolute value of this pattern is spatially correlated with the 700-hPa model standard deviation (not shown) at r 5 0.79, again suggesting that the ENSO-like change signal is strongly related to model variations in jet stream changes from the twentieth to the twenty-first century.
c. Relationship between wind speed changes and tropical Pacific SSTs: Regression analysis
Using MCA, the ENSO-like SST change signal and warming SST signal have been separated statistically (section 3b). To verify the results of MCA, an independent investigation is performed using regression analysis. The winter mean CTI change is calculated for each model, as well as the domain-averaged SST change from the twentieth to the twenty-first century for the global tropical ocean (27.58S-27.58N, 08-3608) . In this analysis, the CTI change from the twentieth century to the twenty-first century is examined with the domainaveraged SST change removed.
The zonal wind change is regressed onto the mean SST change in each model, and the resulting pattern, shown in Fig. 10a , resembles both the ensemble mean zonal wind change (shown in red) and the heterogeneous zonal wind change pattern from MCA_noENSO (Fig. 7a) . The regression field is correlated with those patterns at r 5 0.80 and r 5 0.95, respectively, and shows a weakening and northward expansion of the Pacific jet, increased wind speeds in the eastern Pacific, and a slight expansion of the Atlantic jet. This pattern is not highly spatially correlated with the model standard deviation (Fig. 2b , r 5 0.57). Thus, the modeled warming of SSTs is again shown to be related to the poleward expansion and weakening of the Pacific jet, and a slight expansion of the Atlantic jet, although the signal in the Atlantic is very small in comparison.
When the zonal wind change is regressed onto the CTI change (with the domain-averaged SST change removed) in each model (Fig. 10b) , the positive wind speed anomaly in the vicinity of the jet exit region strongly resembles the model standard deviation of wind speed change, and the two fields are highly correlated (r 5 0.78). This result agrees with the assertion from MCA_noENSO that changes in mean winter SSTs resembling ENSO-like tropical Pacific SSTs are partially responsible for the variation among models in jet stream portrayal, especially in the Pacific.
d. Intermodel variance
To quantify how much the modeled ENSO-like pattern of winter SST change explains variations in jet portrayal among models, Fig. 11 examines the intermodel variance of zonal wind changes from the twentieth to the twenty-first century. The intermodel variance is highest in the central Pacific, with a secondary region of variance found in the Northern Atlantic region (Fig. 11a) . Using the SST expansion coefficients from MCA_noGW and MCA_noENSO as predictors of intermodel variance, the amount of variance explained by each of these patterns can be calculated using regression analysis. The variance explained by MCA_noGW and the linear combination of MCA_noGW and MCA_noENSO are shown in Figs. 11b and 11c, respectively. While 8% of domain-averaged intermodel variance is explained by warming SSTs (not shown), 30% is explained by the ENSO-like signal in each model (Fig. 11b) . In the Pacific basin, the ENSO-like SST signal explains 40% of the variance, while in the Atlantic this signal only explains 13% of the total variance. In the central subtropical Pacific region where intermodel variance is maximized, nearly all of the variance is explained by intermodel variations in the ENSO-like pattern of mean winter SST changes. On the basis of this result, it seems that, if the mean winter change in ENSO from the twentieth to the twenty-first century was more robust in GCMs, it would be possible to significantly improve NH jet stream characterization, especially in the Pacific region.
Conclusions
This study has analyzed changes in NH zonal winds from the twentieth to the twenty-first century from a nonzonal mean perspective. The ensemble mean zonal wind change at 300 hPa shows a weakening and poleward expansion of the Pacific jet and an overall expansion of the Atlantic jet. These structures are distinct from the theorized poleward shift of the jet and do not consistently project onto internal modes of variability at 300 or 700 hPa, as suggested by previous studies. It is important to note that models project varying changes in zonal winds at different levels of the atmosphere. While expansion and weakening are projected of winds in the upper troposphere, the ensemble mean shows a poleward shift of winds in the lower troposphere (with relatively large standard deviation). The dissimilarity between levels suggests that the distinct influences of the subtropical and polar jet should be an area of research focus in order to characterize the response of each jet to anthropogenic climate change. It is also interesting to note that, in contrast with the direct climate change signal of increasing midlatitude upper-level winds (i.e., Fig. 1 ), ensemble mean 300-hPa zonal winds are projected to decrease in the core of both the Pacific and Atlantic jets. Increasing 300-hPa zonal winds are located primarily in the jet exit regions, as well as on the meridional flanks of the jets.
A statistical examination of the link between mean winter SST changes and zonal wind changes shows that SST differences between models impact the model portrayal of NH jet stream changes, particularly in the Pacific region. In particular, ENSO-like mean winter SST changes explain 30% of intermodel variation, compared to the 8% explained by the domain-averaged warming SST signal identified by MCA and confirmed through regression analysis. This suggests that refining the sign of ENSO changes and its midlatitude teleconnection patterns in GCMs will increase confidence in the use of models to understand midlatitude jet stream features under anthropogenic climate change.
As in the first part of this study, we have assumed that tropical SSTs are responsible for forcing midlatitude winds, suggesting that the variation in models' portrayal of tropical Pacific SST changes contributes to the discrepancies among modeled midlatitude large-scale circulation changes. This hypothesis is consistent with prior research detailing ENSO teleconnection patterns (e.g., Lau 1997; Trenberth et al. 1998; Seager et al. 2003) . However, it is important to note that the reverse scenario is also possible. It is possible for midlatitude and subtropical winds to produce tropical Pacific SST variations, such as by the seasonal footprinting mechanism (Vimont et al. 2001) . Although the present study does not prove any direction of causality, the patterns depicted in the results do suggest that model variations in tropical Pacific SST changes are influencing the intermodel variability of midlatitude zonal wind changes.
The broad similarity between the ensemble mean zonal wind changes and the zonal wind changes predicted by warming SSTs in MCA is promising. Even though varying model portrayals of the change of the mean winter ENSO-like tropical Pacific SSTs strongly affect zonal wind changes, there is a large model spread around the ensemble mean, although some enhanced warming in the eastern equatorial Pacific is still evident (not shown; r 5 0.56 with Fig. 5b ). This El Niñ o-like signal in the ensemble mean SST change indicates that ENSO still affects the ensemble mean response in the midlatitude winds to some extent. An improvement of the consistency and accuracy of ENSO portrayal is important and will unmask previously unknown characteristics of the climate change signal in NH zonal winds. The first part of this study demonstrates that NH biases in upper-level winds are strongly related to an ENSOlike pattern of biases in winter mean tropical Pacific SSTs, also suggesting that improvements in model portrayal of the tropical Pacific mean state may significantly advance the portrayal of the mean state of the Pacific and Atlantic jets. For now, it is important to know that ENSO and SST warming are the two dominant predictors of zonal wind changes (of the tropical SST field) in GCMs in order to correctly interpret the significance of CMIP3 model projections of zonal winds in the twenty-first century. Finally, we put forth MCA as an advantageous tool for assessing covarying parameters across multiple GCMs. While MCA is often used to understand variables that covary temporally, this new application of MCA is a powerful way to determine intermodel reliability. We plan to continue using MCA to examine SST variations across models, investigating the relationship of SST changes and NH precipitation changes from the twentieth to the twenty-first century.
